A spore suspension model and a procedure for recovering ultraviolet (UV)-irradiated spores of Bacillus pumilus were investigated. A most-probable-number tube dilution method using double-strength Trypticase soy broth was found to be superior to the agar plate method for recovering optimal numbers of spores irradiated with sublethal doses of UV energy. Aqueous suspensions of B. pumilus survived UV doses up to 108,000 ergs/mm2 as determined by a most-probablenumber recovery and estimation procedure. Resistance and stability data were consistent and reproducible, indicating the dependability of this method for recovering UV-damaged spores. The procedures used to collect information concerning resistance characteristics for two strains of B. pumilus are discussed.
A spore suspension model and a procedure for recovering ultraviolet (UV)-irradiated spores of Bacillus pumilus were investigated. A most-probable-number tube dilution method using double-strength Trypticase soy broth was found to be superior to the agar plate method for recovering optimal numbers of spores irradiated with sublethal doses of UV energy. Aqueous suspensions of B. pumilus survived UV doses up to 108,000 ergs/mm2 as determined by a most-probablenumber recovery and estimation procedure. Resistance and stability data were consistent and reproducible, indicating the dependability of this method for recovering UV-damaged spores. The procedures used to collect information concerning resistance characteristics for two strains of B. pumilus are discussed.
Spores of Bacillus pumilus E601 (ATCC 27142) are used as biological indicators to certify and monitor the efficacy of commercial radiosterilization cycles. The resistance of this organism to gamma radiation has been evaluated (2, 15; I. T. Zuk, A. N. Parisi, and P. M. Borick, Annu. Meet. Am. Soc. Microbiol., 1972), and it has been shown to be one of the most resistant microorganisms to this sterilizing process (3, 19) .
Many articles involving the effects of ultraviolet (UV) radiation on spores have been published. However, to our knowledge, information of this nature concerning B. pumilus is unavailable. The primary objectives of this study were to determine the resistance of spores from two strains of B. pumilus to UV, and to devise and evaluate an optimal recovery system for spores of B. pumilus subjected to sublethal doses of UV radiation.
MATERIALS AND METHODS
Bacterial strains. B. pumilus E601 was cultured from a spore strip obtained from Ethicon, Inc. (Somerville, N.J.). Strain BMT-18 was isolated (Alcon Laboratories, Inc., Fort Worth, Tex.), submitted to R. Gordon, Rutgers University, and identified as B. pumilus.
Preparation of spore suspensions. Stock spore suspensions of B. pumilus E601 and BMT-18 were prepared by inoculating the surface of AK agar no. 2 (BBL Microbiology Systems, Cockeysville, Md.) contained in Roux bottles (800-ml capacity, 250 ml of agar) with 3 ml of cells from a 24-h Trypticase soy broth (TSB; BBL) culture. The bottles were incubated at 32 to 35°C for 7 days, by which time sporulation had reached 90 to 95%. Spores were harvested from the agar surface with sterile deionized water, collected by centrifugation (1,800 x g, 15 min), and washed twice with 15 ml of sterile deionized water. After resuspension in 15 ml of sterile deionized water, the spore pastes were heated in a water bath at 800C for 20 min to destroy the vegetative cells. The spores were again collected by centrifugation and resuspended in 25 ml of sterile deionized water, constituting spore concentrates. Viable spore counts were determined, and working suspensions of 107 to 109 spores per ml were prepared from each concentrate. The working suspensions were diluted further to the desired number of spores for each radiation study.
Spore suspension model. Spore suspensions for each viability and resistance study were prepared in 1,000-ml quantities and stored in 2-liter glass flasks. Immediately before each study, the spore suspensions were mixed for 30 min with the aid of a magnetic stirrer and bar, and were dispensed in 2-ml portions into 15-ml S/R Natural Drop-Tainers (NDT, Alathon 20 low-density polyethylene, Wheaton Industries, Millville, N.J.). Each NDT was covered and sealed with a polyethylene flat fitment (15 mm, Alathon 20 low-density polyethylene, Brown Research, Burbank, Calif.). Based on microbiological and physical studies, these particular NDTs were determined to allow transmittance of approximately 45% of the UV light absorbed, and the flat fitments permitted essentially 100% transmittance (B. A. Schlech, unpublished data).
Exposure to UV radiation. Duplicate sets of spore suspensions prepared in NDTs were exposed to incremental doses of UV radiation. Comparison of MPN broth media. Four different broth media were prepared in 2x concentrations and used in an MPN procedure to recover spores of B. pumilus E601 and BMT-18 which had not been irradiated with UV (Table  2) . TSB, MHB, and THB gave similar and somewhat higher MPN estimates than BHIB. Based on these results, TSB was chosen to be used in additional studies.
Comparisons were made between single-and double-strength concentrations of both TSB and CB (Table 3) . Of the four formulations tested, 2x TSB proved to be the most effective medium for recovering B. pumilus spores irradiated with incremental doses of UV. The calculated Duv value for 2x TSB was 3.9 min, whereas the decimal reduction time for 2x CB was determined by the least-squares method to be 2.1 min. A 90% reduction value of 2.9 min was obtained with single-strength CB, indicating that this medium may be more stimulatory than the more concentrated formulation for recovering UV-irradiated spores.
Recovery of UV-irradiated spores. Greater numbers of survivors were consistently recovered by the MPN method than by the plate count method (Table 4) . Resultant Duv values were as much as four times higher than those obtained by plate count recovery methods. Viability and resistance remained constant for 4 weeks. As a result of these findings, the agar plate method was no longer used in the recovery and quantification of UV-irradiated spores. Results from studies involving initial spore populations of 106/ml are listed in Table 7 Large-volume parent suspension (lot ST-010579-LV containing 105 spores/ml) was dispensed in 2-ml portions into 15-ml NDTs and irradiated at the time intervals listed. b See Footnote a, Table 3 . 'Counts of duplicate (6-week) and single (10-week and 12-week) suspensions exposed at each time interval determined by the three-tube MPN method using TSB (2x).
d Counts of single suspension (10 week and 12 week) exposed at each time interval determined by the threetube MPN method using CB (lx).
'See footnote b, Table 3 .
Surviving spores were recovered after 18 min of exposure, or a UV dose of 108,000 ergs/mm2. Logarithmic increases in initial spore suspensions resulted in linear increases in UV doses required to destroy spores without affecting the Duv values. Table 8 is a summary of resistance data for strain E601 showing initial logarithmic reductions after 4 min of exposure. By comparison, a 90% reduction in the initial populations of BMT-18 spores was generally observed after 6 to 8 min of exposure, giving a slight shoulder in the spore destruction curve when plotted graphically. Viability and resistance of E601 spores were comparable to those of BMT-18, and this suspension was found to retain stability through 6 weeks of storage and testing. DISCUSSION The literature contains numerous reports on conditions which enhance the recovery of stressed or injured bacterial spores. Cook et al. (6) found that after gamma radiation, surfacespread plate counts for B. subtilis were greater than those obtained by an MPN tube dilution method. On the contrary, Roberts and Aldous (20) reported that recovery of UV-irradiated organisms was better on semisolid media than on conventional agar media. Nelson (18) showed that heat-treated spores of B. subtilis gave different counts on different agar media, and even the source of the agar has been reported to be important in the recovery process (13) .
B. pumilus spores exposed to ionizing radiation have been recovered by various methods (4, 5, 10) , and Zuk et al. (Annu. Meet. Am. Soc. Microbiol., 1972) described an optimal recovery procedure for B. pumilus E601 spores injured by gamma radiation in which CB was used. Although CB recovered higher numbers of UVirradiated spores than agar plates in our study, it failed to compare with 2x TSB for this purpose. Some component of CB is apparently toxic to B. pumilus spores subjected to biocidal doses of UV. This is supported by the observation that VOL. 39, 1980 on January 20, 2018 by guest http://aem.asm.org/ Downloaded from the 2x preparation of this medium yielded the lowest numbers of survivors in recovery tests. 'See footnote a, Table 3 .
Since it has been shown that damage to a spore by UV is of a different nature than that caused by ionizing radiation (8, 17) , perhaps the repair mechanisms also differ, causing variations in nutritional requirements of spores exposed to one of these types of radiation. The more precise intricacies of these processes warrant additional study. Certain irradiated spores become more fastidious in their nutritional demands and increasingly sensitive to the environment in which they are recovered (7, 9, 10, 23 Initial shoulders, followed by exponential death rates, were observed in spore regression curves. Strain BMT-18 exhibited a more pronounced shoulder than E601. Some spores, according to Hugo (14) , possess the ability to repair damage from sublethal doses of UV, and this may account for the initial shoulder response demonstrated consistently by UV-irradiated spores of B. pumilus.
Greater numbers of irradiated spores were consistently recovered with 2x TSB than with TSA. Such dramatic differences were not noted between these two outgrowth media in tests involving nonirradiated spores. Perhaps as a result of diffusion, a broth medium prevents the accumulation of toxic antimetabolites from being maintained in close proximity to the damaged spore, which could ultimately be a cause of death. Lethal or antagonistic principals released from spores subjected to UV may be absorbed or bound to constituents in the broth, allowing germination, outgrowth, and recovery of damaged spores. Additionally, a broth may furnish more readily available nutrients required for repair mechanisms not immediately present in the agar.
MPN estimates were in close agreement with plate counts for determining the number of spores present in suspensions which had not been exposed to UV, allowing for a high degree of confidence in the MPN method for estimating the number of irradiated spores recovered. The inherent low precision associated with the MPN method was minimized by performing large numbers of tests.
Our results indicate that B. pumilus spores are resistant to UV radiation when compared with resistance data reported for other microorganisms (21, 22, 24 ; Schlech, unpublished data). Since efforts in the present study provided reproducible resistance and stability data, B. pumilus may serve as a useful biological indicator for determining and monitoring the effectiveness of UV sterilization processes. However, additional study is required before the usefulness of the recovery procedures used in this report can be fully assessed.
